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Jet Apparatus (MIJA) are given in Section 4, decribing the derivation of the threshold
velocity for a GeC coated ZnS system.’ The improvement in threshald welocity over that
of. the uncoated substrate is marginal. The technique used relies on measuring the
‘maximum velocity at whi:h the specimen was impacted in a given run. Recent developments
of the apparatus have reduced the spread in jet velocities and will therefore simplify
the procedure ior evaluating threshold velocities. The final sectiaon details some of
the new experimental techniques used in the laboratory for evaluating the mechanical
properties of thin films and the thermal upshock resistance nf brittle materials. A
paper on the sand erosion of CVD diarond films is included as an appendix. '
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1 INTRODUCTION

This repbrt contains recent results on :inc sulphide and other IR transparent window
systems. The first section describes an investigation into the stress corrosion
characteristics of zinc suiphide using the double torsion geometry. The results suggest
that zinc sulphide is suscéptjblc to moisture enhanced slow crack gfowth but to a lesser
extent than, for instarce, soda lime glass. | '

The. second section discusses 'the correct experimental ‘procedure for the Brazilian test
and then uses this geometry to determine the variation of both zinc sulphide and
germanium fracture stress as a function of temperature. The average fracture stress
fluctuates (as does the associated error) but remains abc')v: the room temperature value
 within che temperature range -70 °C to 600 °C. '

The third section contains results from the bursting disc test performed on large (125 mm
diameter by 5.45 mm) zinc sulphidc windows rather than small (25 mm or 50 mm
diameter) test pieces. The agreement between the results for the small and large scale
samples suggests that the small samples give a good rcprcscntalion of the strength of a
full size window ard that the surface finish achieved on the small discs can be reproduced
in the larger discs. ' |

Some results from the 'Multiplc Impact Jet Apparatus are given in the fourth section,
describing the derivation of the threshold velocity for a germanium carbide coated zinc
sulphide system. The improvement in threshold velocity over that of the uncoated
substrate is marginal. The technique used relies on measuring the maximum veldcity at
which the specimen was impacted in a given run. Recent developments of the apparatus .
have reduced the spread in jet velocities and will therefore simplify the procedure for
’cvaluaxing threshold veloci:ies.
: e
The next section details some of the new experimental techniques used in the laboratory
. for evaluating the ‘mechanical properties of thin films and the thermal upshock resistance |
of brittle materials. ' ' C - -
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21 THE STRESS CORROSION OF ZINC SULPHIDE

The stress experienced by a typical zinc sulphide window under standard flight conditions
can be calculated and compared to the material's fracture stress. However if the stress
levels, while below the critical stress intensity factor, are sufficient to cause sub-critical
slow crack growth, delayed failure of the component may occur. The conditions for slow
‘crack growth are discussed in the following section. The extent of this effect for zinc

* sulphide is ther evaluated using the double torsion geometry. ’

2.2 SLOW CRACK GROWTH IN BRITTLE MATERIALS

Crack. p.ropagation' in brittle materials initiates when the stress concentrated at the crack
tip becomes sufficient to break the chemical bonds there. The critical stress intensity
factor (the stress intensity _fa’ctor (K1) at which a crack propagates in an inert
environment) depends, therefore, on the energy required to break these bonds. !5 the case
of glass, the hydroxyl and hydrogen groups from atmospheric water can attach 1o the
breaking bonds at the crack tip and this process provides a low cnergy pathway for the
cleavage of these bonds. The presence of water in the air, therefore, allows crack
propagation to occur at a siress intensity below the critical value. This phenomenon is
called stress corrosion.

The graph of crack velocity against stress

region lil | intensity factor for a specimen in a moist

> | environm-nt has a very distinctive shape
- regiontt 7| “and this - be seen in Figure 1. K|A is the
i I stress int .ty factor above which slow

3 crack propagation occurs in the test.

gion | | atmosphere. K|C is the critical stress

{0 | intensity factor, the stress intensity factor
e

Figure 1 shape are given below.
"~ Afier Pletka and Fuller

L (1979).




2.2.1 Region I

The behaviour in Region I at a constant temperature can be described by the following
equation (Lewis and Karunaratne, 1981):-

| Ve=A(K)" (1)
where: Ve = crack velocity '
K] = stress intensity factor

A and n are material constants for a given environment

This region is the most crucial for evaluating component lifetimes since it defines the slow
crack growth. Once the crack has grown to such an extent that the value of K] has left the
_region the component's lifetime can often be measured in seconds. Wiederhorn and Bolz
(1970) assessed the effect of increasing temperature on the curve for glass, and showed
that, up to temperatures of 90 °C, the line in this region shifrs to lower stress intensity
factors with no change of gradient (see also Freiman, 1980}

There is a theoretical minimum value of K| at which there is no crack growth at all
(Davidge, 1979), although slow crack growth continues down to such low crack velccities
that this minimum is extremely difficult to detect sxperimentally.

2.2.2 Region 11

The distinctive plateau region (Region 1I)- occurs bccausc as the crack accelerates it
reaches a regime where the crack velocity is such that the almosphcnc water cannot
diffuse into the opening crack fast enough to reach the crack tip. This is, therefore, the
'limi'ting crack velocity at stress intensitics be,low' the critical value (KIC) ard is highly -
dependent on the amount of corroding medium in the atmosphere. The value of KA is less
sensitive .to the composition of the atmosphere. In the case of glass for instance.
" increasing the moisture content of the test environment increases the velocity at which
this plateau occurs, while reducing the width of the plateau (Wiederhoen, 1967). |

‘




This trend is shown in Figure 2. For tests
pcrfoﬁncd in liquid water the plateau has
disappeared completely, since in this case
the corrosive medium always has access to
the crack tip. This fact was used in a paper
by Michalske and Bunker (1987a), which
contained a series of experiments with
specimens immersed in various organic
liquids to determine whether it was the
liquid itself, or aqueous impurities carried in
the liquid, causing the stress corrosion (if it
was the liquid itself then there would be no
plateau on the KJ-V :urve).

2.2.3 Region II1

When the crack enters Region 11l it is approaching the poirt of unstable growth; the
stress intensity factor at which the crack will propagate without the moisture induced low
energy pathway. As this regime is entered, thermal fluctuations are sufficient to trigger

crack growth.

The object of the following series of experiments is to assess the extent to which stress
corrosion affects zinc sulphide, and determine whether this factor must be included in

Inv

liquid waier

nK Kic
Figure 2

~ after Wiedcrhom (1967).

calculations for componem survivability in the high velocity eavironment.
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23  THE DOUBLE TORSION GEOMETRY

The experimental geometry selected to determine the variation in velocity with stress
intensity factor for zinc sulphide was the double torsion technique (Fuller, 1979; Fletka et
al., 1979) depicted in Figure 3 and implemented on ar Instron universal testing machine.

Load

" Ball bearings » g
Figure 3 |
The double torsion apparatus.

If a crack experiences a perpendicular monodirectional tension, the Kj acting at the crach.
tip depends on the applied stress and the square route of the crack length. Because of
this, applying a constant K to a moving crack is impractical. The advantage of the double
torsion technique is t‘ha!, it is a "constant Kj geometry" (although a torsion is applicd to
the test piece, Fuller (1979) asserts that crack propagation is of a mode 1 nature). In
other words, for a significant pcnibn of the crack path, the vaiue of Kj is independent of
crack length. Thus by applying a coastant load to the spccnmcn the crack can be grown at
a constant casily measurable vclocny

The double-torsion geometry was first used by Outwater and Gerry in 1966, and more
recently Tait et al. (1987) reviewed the papers on the technique. The experimentai design
in Figure 3 was taken from'a description by Pletka et al. (1979) with modifications
suggested by Quih,n (1987). The rear ball bearings markcd'f‘R” only support the specimen
_during alignment. Once the anvil is loaded the plate lifts away from them, and the load is
applied through the front four points alone. Thie 3 mm diameter ball bearings are used in
* preference to rod loading, to more closely approximate point sources. The pivot on the
upper anvxl ensures an equal distribution of load on the two central ball bearings. In the -
review. paper (Tan et al., 1987) the expresslon for K] as found by WI"IJI"‘I\ and Evans
. (1973) is given as. '




K‘ Pw 3 0.5
e m(Wd3d.(l-v)§} | 2

Expunmcntal arrangement is shown in Figure 4 where :-

‘P = applied load

V. = Poisson’s rutic

d = plate thickness

d, = web thickness in plate

(for these experiments dy = d see Section 2.3.4)

. Wp= momentum arm

W = plate width
€ = Correction factor for thick Dlatcs

' -(discussed later in this section)
E=1-0.6302t+1.20te ™" ST Y

(Correct to better than 0.1%)
" where: t = thinness ratio=2d / W
N _

anune 4
Thc loading geomcuy in the double toreion tcst.

'Equation {3} assumes_ plane-strain at the crack tip which has been found to be
approximately true for brittle materials in this experimental set-up (Tait et al., 1987).

The three most common procedures that can be used with the double-torsion apparatus
are dcscnbed by Lewis and Karummne (1981) and are discussed below :-




531 The Load Relaxation Procedure

An analysis by Williams and Evans (1973) reveated a linear relationship between
compliance and crack length. They then showed that at con-tant displacemsnt, the crack
velocity could be directly related to the instantaneous load (P) and load relaxation rate

(dP/ dt) by :-

. (Pip) (aip) dP

Ve~ p2 at {4}
where: P} = initia! load
P; = finalload
a; = initial crack length
ar = final crack length

Therefore once crack motion ’has initiated,; the cross-head displacement can be fixed so
that as the crack propagates, the compliance incrcagés, the load relaxes, and thus the
crack decelerates. Data for a range of crack velocities can therefore be obuained from u
single trace. Figure 5 shows a typical load relaxation curve.

loading point
displacemeni fixed

as crack begins
10 propagatc

/>\

. load relaxation

Time . i — Time
Figure 5 Figure 6
A typical load refaxation curve. Load relaxation calibration graphs.

‘The load relaxation, however, is nct due entirely to the extension of the crack because the
fixtures of the test machine will also relax under the applied load. A series of curves must

therefore be obtained characterising the background reiaxation as a function of load and
time (Figure 6). In the present tests this wgi achicyed by loading a blank spccimch (with

. neither notch nor scratch) to progressively higher loads, holding the cross:heads fixed at




each load and tracing tnhe load decay. This relaxation must be deducted from the crack
relaxation to obtain valid velocity data. It is here that the inherent inacéuracy of the load
relaxation experiment becomcs apparent, that is that the analysis relies on subtracting
one gradient from another. As the velocity decreases, the graph bcéomes flatter and
approaches the gradient of the background graph that must be subtracted from it,
increasing the percenta'ge error. Clearly the usefulness of this technique is restricted to
measurements at the upper end of the velocity scale. ‘

2.3.2 The Constant Displacement Rate Procedure

This technique relies on the discovery by Evans (1972) that for a constant displacement
rate, the trace of load against time flattens out and the height of this plateau is related to
the crack velocity. This method oniy allows one value to be obtained. per run. which limits
its usefulness in experiments on expensive materials such as zinc sulphiuc. Ay with the
previous procedure, this technique is inaccurate at low velocities.

2.3.3 The Constant Load Procedure

For low crack velocities, the crack extension over a certain period must be measured
directly. The Instron testing machine used had no direct loag control, so the cross-head
displacement had to be held constant and the fixtures made as stiff as possible to prevent
load relaxation. The sample was loaded to the required value, then left for a
predetermined time. The load was released and the increase in crack length determined
_ with a trav lling microscope. Any relaxation of the load in that time was included as an
error in the|load value on the graph. In the present series of ‘ex'perim'cms this error was
minimal compared to the inherent inaccuracy of the Instron chart recorder. '

In the following experimcms'_l' ‘th load relaxation and'con‘stam' load tests were performed.
.The value of K] being calculated from Equation {3}, and the corresponding vélocity
determined either by direct measurement, or by using Equation {5 b

2.3.4 Experimental Consideratidns

While the [double - sion gecometry is easy to perform and the data analysis is
straighxfoMard due to its "con'sxpnt K1" nature, there are some precautions that need 1o




be taiien to ensure the validity of the results. These. precauiions and some of the
underlying assumptions of the theory are summarised in the review paper by Tait et ul.
(1987). '

The paper lists the wide range of different dimensions suggested for the specimen and.
based on the quality of results obtained in each case, goes on to recommend the
proportions 3W to W to (1/8-1/12)W. The specimen dimensions used in this study (60
mm by 20 mm by 3 mm i.e. 3W to W 10 1/6.7 W) were slightly thicker than these optimum
dimensions, but not by enough to invalidate the data, especially when the thickness
correction is included. In fact these proportions were used by Tait and Garrett themselves
in 198S5.

In its original form, the conﬁguration'relicd on grooves on either or both of the faces cf the
plate to guide the crack along a central path. Fuller in 1979, in a summary of associated
- theories, suggested that these grooves could influence the crack growth by introducing
stress concentrations into the material. He therefore advocates eliminating the grooves
and relying on accurate alignment of the experimental fixtures to ensure the required crack
path. Quinn (i987), among others, used this technique successfully, and it was his
geometry and sample preparation that was adopted for the present series of tests.

.pre-crack

OGS

~ !
/ | ‘
0.25 mm wide slot Knoop scratch
A
I ' - ‘ o ' h ,2() mm
Tom g‘mm\m ™ Machining cracks
(exaggerated)
v
- _ ~
. 60 mm
Figure 7

Specimen preparation. © .




The ungrooved sample is first notched with a 0.25 mm wide diamond saw to a depth of §
mm as in Figurs 7. Great care is taken in the alignment of the noich, and the cutting is
performed slowly to avoid machining cracks. Since it is impossible 1o eliminaie these
cracks altogether, a 5 mm scratch is carved into the tensile face of the specimen by
dragging a Knoop indenter across the surface under a 1 kg load. The pre-crack will then
follow the path of the scratch rather than any of thg machining cracks. The sample is
loaded slowly in the tdsting rig unti] the pre-crack pops in. If the pre-crack follows the
path of the scratch, and the test fixtures are very.carcfully aligned with the sample. the
test will be successful and the specimen will crack neatly into two halves.

The third important consideration is the thickness correction factor included in Equation
{4). The need for this factor arises from the modiﬁcation of the theoretical stresses

8.

Region of overlap

Figure 8

The reasoa for the inclusion of a thickness correction factor.

As the two arms rotate, the marked regions attempt to overlap. The' contact stresses,
. causad by the two faces pushing against each other, will increase with specimen

thickness causing a thickness dependent correction to the stress intensity factor (Fuller.
1979). In the present study t = 2d'/ W = 0.3 and Equation (4] gives a value of &
=0.811. This value must be included in the calculation of KJ.

" The fourth considcra(ioh is the portion of the crack length for which the assumption of

‘constant K] is valid, and ‘.ot distorted by end effects. Again there is some discrepancy

~over the quoted ranges of acceptable crack lengths. The range of validity is usually
assessed by fast loading specimens with pre-cracks of wvarious lengths, and plotting the -

variation of KJC with the crack length. The discrepancy arises from the different specimen-

~ sizes and shapes used by the various authors. The paper by Tait et al. (1987) compiles

data from a largc number of sources to give validity ranges dependent on the ratio of L w

W (i.c the ratio of specimen length to width). For the present tests L / W = 3 and for

~
~

0 N

caused by the interpenetration of the two arms of the plate. This is made clearer in Figure
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these proportions the constant K] assumption is valid for crack lerigths from 0.05 L to
0.85 L. Data was therefore discarded outside this range.

Finally, the theory assumes that the crack front profile in the test is a straight line,
perpendicular to the suifaces. In fact this is not the casc: the crack froat is curved and the
crack length is greater on the tension side than on the compression side (as shown in
Figure 4). Since the crack propagates locally perpendicular to the crack front, the crack.
velocity is not uniform through the depth, although within the valid region the crack
propagates without change of shape. There have been several attempts. to allow for this
potential source of error {see Tait et al., 1987) but none of these have been fully
satisfactory, and appear no more valid ‘han taking the velocity of the imercept with the
tensile face as inc measured crack velocity (Michalske et al., 1981). '

As long as these considerations are adhered to, the double torsion technique should
produce valid data for a range of crack velocities, in a range of environments.

24 RESULTS FOR SODA:LIME GLASS

3ccause of the high cost and limited availability of zinc sulphide, the experiment was
performed initially with soda-lime glass, so that the results could be comparcd’_.with
carlier data. Figure 9 shows the K] against velocity diagram obtained from both load
relaxation and constant load cxpcdhcnts. The results from different runs of the same
version of the experiment are in close agreement, as are the results from the two different
‘applications of the geometry (load relaxation and constant load) to within the i'nhcrcn'(
accuracy of the Instron chart recorder. The relative humndny on the day of the tests was
56% '

1
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Figure 9

The stress corrosion curve for soda-lime glass.

A value of K|C was obtained by conducting the experiment with the sample immersed in
oil to preven: any moisture induced slow ciack growth. The value of 0.81 + (0.1 MPa m!/2
agrees well with the slow crack growth data in Figure 9.

The reproducibility of these results, and the close similaﬁty with those obtainéd by

Wiederhorn (1967), suggested that the test was accurate enough to use on the zinc

sulphide specimens. Glass, however, is very susceptible to stress corrosion, and has no
grain boundaries, second phase particles or other microstructure to interact with the crack. -
it is an ideal material for stress corrosion tests. Materials with more complex structures

often give results which are less clear. , —
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25  STRESS CORROSION OF GLASSES IN THE LITERATURE

There has been considerable work done on the environmental dependence of the strength
of glass, beginning with the discovery of the loading rate dependent variation of glass
strength in 1899 by Grenet. Charles and Hillig (1961), Wiederhorn (1967, 1970, 1989),
Freiman et al. (1985) and others have since put thé theories of stress corrosion on a more

quantitative basis.

Michalske and Bunker recently summarised some of their work on ‘glass (1987a) in an
excellent overview of the stress corrosion of glass (1987b). It explains the different
corrosion characteristics of various environments in terms of the physical size of the
active molecules-in that environment, and the resultant ease with which ‘they can reach

"the bonds at the crack tip. It also proposes the low energy pathway for bond rupture in the

presence of water, which allows slow crack growth below the critical stress intensity
tactor, and gives evidence that the bonds strained under the action of the applied stress,
react more easily than unstrained bonds. It is the combination of the two factors, stress
and environment, that is required for slow crack growth through the stress corrosion
mechanism. ‘

The effect of stress corrosion in toughened glasses was examined by Hagan, Swain and
Field (1978). They showed that if data on the stress statc in the glass are available, a-
value for the N parameter can be obtained whxch compares well with estimates from

normal glass

It is interesting to note, however, that the presénce of water is not always detrimental to
the strength of some glasses. The work_'of Ito and Tomozawa ('1982). and Hirao and
Tomozawa (1987a, 1987b) investigated the increase in strength of abraded high silica
glass rods immerséd in water. This was found to be due to crack blunting, caused by
dissolution and Teprecipitation of the glass into .and out of the water. In Hirao and

Tomozawa (1987a) it was found that this crack bluating. increases the R-value (from o

Equauon (2)) since a sharp crack is required for slow crack growth, and this has first to
be initiated from the blurt crack. Simmons and Freiman (1981) suggested that the region’l

: crack velocity is dgtcfmincd by the opposing mechanisms of corrosive crack tip blunting

and stress-corrosive crack tip sharpening.

13




2.6 RESULTS FOR ZINC SULPHIDE

The K} againﬁt velocity diagrams obtained using the load relaxation technique for two
different runs on zinc sulphide in air of relative humidity 52% are presented in Figure 10
and Figure 11.

~ 10-2 : ~102

v 10 3 E 10 -3 .

>104 2104 r

210 £ 10}

S > I

x 10-6 S 106

: | ol

S 107 — ©107¢
0.65 0.70 0.75 0.80 0.65 0.70 0.75 0.80
Stress Intensity Factor (MPa mi2 ) Stress Intensity Factor (MPa m1/2)

Figure 10 ' - Figure 11

The stress corrosion curvc for zinc sulphide in air.  The stress corrosion curve for zinc sulphide in air.

It should be noted that the K] scale for the zinc sulphide data is expanded when compared
with the glass resuits in Figure 9. The shapes of the two trac:s are identical but there is a
slight shift in the stress intensity factor, which indicates the scale of the error in the
- results introduced by the Instron chart recorder. These graphs show that zinc sulphide is
susceptible to stress corrosion, but less so than glass, although the plateau velocities are
both roughly 10'5 m s-1. Since the height of this plateau is determined by the ease of
access of the water molecules 1o the crack tip then this result would be expecied if the
crack width was similar in the two materials. The crack width depends on the parameter
K] (1 +v)/E (Lawn ard Wilshaw, 1975). This parameter has a value for glass of 1.3 x
105 m1/2 and for zinc sulphide of 0.9 x 105 m1/2, suggesting that.the crack dimensions are
indeed similar. ~ - '

In order to test the effect that an. increase in hurﬁidily would have on the crack velocity, ‘
the test was repeated with the sample completely immersed in. water 10 give a "worst - ‘
case” situation. The results for this experiment are given in Figure 12 and Figure 13.

Again the’ shapcs of the two tests aré the same and there is a similar error in the K| ,
reading. The platcau in the data is an artifact caused by the chart recorder pen's inability ‘
‘to respond fast enough to follow the rapid decrecse in load at high crack velocities |
(Section 2.2.2 explained that for complete immersion in the corrosive medium there would - '
"be no plateau). ‘

. | |
e
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'ﬂ\e sress corrosion curve for zinc sulphide in water.  The stress corrosion curve for zinc sulphidc in watcr.

The K] value at which the crack velocny sharply i increases should comcxdc with the crmul
stress intensity factor (K1¢) of the material. This constant varies slightly with the test
used to assess it, and with the grain size of the material (Townsend and Field, 1990). An
independent measurement of K|C, obtained by the Vickers indentation xéchnique.
described by Lawn and Fuller (1975), gave a value of 0.61 MPa m!/2, This technique was
chosen because it could be performed on one of the fragments from the double torsion test,
thus saving on the number of specimens used. This result is slightly lower than previous
measurements (Savage, 1985) and these external results agree more closely to the data
in the double torsion graphs (Figures 10 to 13).

- Constant load tests were also attempted for zinc sulphide, but no slow crack growth was
seen. It is possible that this is dus to crack pinning at grain boundaries, an example of an
interaction with the zinc sulphide micro'stmctun'c. A similar microstructural interaction was
observed by Quinn (1987) in several materials|

High temperature load relaxation tests on zin¢ sulphide were also unsuccessful because
of temperature induced expansion of thé test fixtures. The load variation caused by this
expansion swampcd the relaxation due to the propagating crack, and wasn't rcproducnble ‘
it therefore could not be calibrated out of the

If the dara from Figure 12 are plotted on 1 log-log scale, a value of 215 can be obtained for
0 in Equation {2). Similarly, the data from Figure 13 give a value of 181. The discrepancy
between the two results is not unexpecte considcring the inherent errors in the
technique, and as will be seen in the next section, other techniques of measurivng this
parameter produce far larger errors. For comparison, the It parameter has a value of 16 for
soda-lime glass and 31 for alumina (Wahl and Tustison, 1990). In other words zinc
sulphide is far less susceptible to stress corrosion than either of these materials.
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2.7  STRESS CORROSION OF ZINC SULPHIDE IN THE.
LITERATURE

Two references to the stress corrosion characteristics of zinc sulphide were found. The
first (Wahl and Tustison, 1990) predicted no dependence of biaxial flexure strength on
stressing rate and no difference was found between the strength at liquid nitrogen
temperatures (77K) and room temperatures (thcrcfonc n = infinity). In direct contrast to
this, in a private communication from the Kaman sciences Corporation in Colorado
Springs, a similar experiment was described (using the four point bend test at various
loading rates) with the samples 1mmcrscd in distilled water in which a value of 76 was
obtained for n, suggesting a small, but real, susceptibility to moisture enhanced flaw
growth. The apparent discrepancy emerges from the inaccuracy in the fracture stress
measurements. The error bars displayed on the data by Wahl and Tustison are such that
values of M can be obtained from the data which agree with the value quoted by the
Kaman' Sciences Corporation. This emphasizes the importance of repeating tests on
brittle materials that rely on an unknown flaw distribution, so as to reduce the error as
much as possible. The double torsion test, using - - it does a single macroscopic crack of
known dimensions, is not susceptible to this inher.  error. '

It is worth mentioning at this point that results for the similar IR candidate material zinc
selenide are more numerous. Evans and Johnson ( 1975) give values of R0 = 45-85 for
tests performed in both air and water and a value of Kjc = ¢.” % Nm-32, They also
encountered intermittent crack propagation, where the crack: .- #ed, then accelerated.
suggesting an interaction with the zinc selenide microstructure. It is a similar interaction
in the case of zinc sulphide which, it is postulated, caused the failure of the constant load

experiment. A study of the extensive effect that micrestructure nas on zinc selenide can

be found in a paper by Freiman et al. (1975).
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2.8 . CONCLUSIONS

The double torsion test has provided reliable and reprcducible results, but only because
several precautions were taken in the experimental design, and great care was taken with
the preparation and alignment of the specimens. '

The experiments in this section have showi: that stress corrosion is a factor that must be
considered when designing a zinc sulphide infrared window. Fortunately the effect is not
as severe as it is for glass. It is worth pointing out that aerodynamic pressures produce
tension on the internal face of the window. The humidity behind the window is often

artificially reduced to prevent frosting on the inside of the window (Driggers and Tidwell.

1989) and this will also reduce the effects of ctress corrosion.
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3.1 THE FRACTURE STRESS OF ZINC SULPHIDE AS A
FUNCTION OF TEMPERATURE

Acrodynamic heating at stagnation points on aircraft surfaces during high velocity flight
can cause temperatures of up to 500 °C at Mach 3. Away from this point of maximum
acrodynamic heating the temperature can drop as low as the average air temperature of -
56.5 °C at a height of 11 km.

Because of the wide range of operating temperatures it is necessary to evaluate the
fracture stress of zinc sulphide as a function of temperature, to determine whether or not
th. room temperature design strengths hold true for the whole temperature range that the
window is likely to encounter. Unfortunately the bursting disc test described in Appendix
1 is unsuitable for this application because of the tcmpcrature sensitivity of the neopreie
diaphragm and pressurizing oil, so a second streni b 'test had to be found for this series of
experiments. The geometry selected was the so called,"Brathan test”.

Specimen *

3.2 THE BRAZILIAN TEST

The Brazilian test shown schematically in

Figure 14, first used by Carneiro and
' Barcellos in 1953, involves the compression
of a disc across its diameter to induce failure
in tension at the centre of the disc. The
advantages this geometry has over other
candidate techniques and the precautions . _

* that must be taken to ensure. the validity of +
the data obtained will be discussed in the

next section. . A - Figure 14
' ' Thc Brazitian text.

3.2.1 | Exberimental ‘Description

The Brazilian test is an “indirect tensile” technique, in other words although the failure is
tensile, the tension results from'a perpendicular compression. A compressive load is

casier to apply to a sample than a xcnsxlc one, smcc the latter requires great care in the

- design of the gnps to pmvem stress concentmlons and’ subsequem failure at the loading
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points. The simplicity of the anvils allows the test to be more readily miniaturised and the
whole apparatus canr easily be enclosed within an environmental chamber and oven. A
reduction in sample size is also an advantage because of the high cost of the test
materials. Bend tests, a possible alternative, often fail from the edges of the specimen and
maximise the stress at the surface, thus accentuating any surface condition dependence
that the strength of the material may have.

The Brazilian test was described in a paper by Hondros (1959), in which he includes the
theoretical stresses along the axes of the disc perpendicular and parallel to the line of
compression. These suress maps show that the tension is greatest in the central half of
the disc perpendicuiar to the compression axis and failure at this point will lead to a crack
‘down the middle of the specimen along the loading axis. Referring to the stress m;ip.s
produces the fracture stress of the material.: '

Fairhurst (1964, suggested that the fracture stress assessed by this 'thcory can give
misleading results. The values obtained in the test were below those determined by other
.experimental techniques by an amount which depended on the ratio between the
| material’s uniaxial compressive and tensile strengths, on the size of the loaded region
and on tangential stresses along the loaded rim: The ramifications of this discovery will be
discussed later.

In an analysis of the Brazilian test by Rudnick et al. in 1963 they summarised the failure
modes observed as follows:-

1. Comgression and shear failure - Local crushing at anvils, irregular

o o 1 - fracture pattern.(Figure 15a )

2. Normal tension failure - | Cracks into two halves.(Figure 15b )
3. Triple-cleft failure - ~ Cracks into four pieces.(Figure 15¢ )

19




Localised

Crushing
Figure 1Sa - Figure 15b : Figure 15c¢
Shear-type failurc ormal Tensile Failurc, "Tripic-cicft” Failure.

(random crack patiern).

The first failure geometry gives no useful data about the fracture siress, but both the
second and third fail inizially along the central axis and provide accurate valucsdlfor fracture
stress (the triple-cleft failure occurs subscquent to the central cracking as the scpamcd
halves of the sample brictly support the full load). In the following series of experiments
all three failure modes were observed but the first was eliminated by careful specimen
alignment. |

In the Rudnick paper it is suggested that padding is used at the loading anvil for xinc
following reasons :- ‘ .

1. To smooth over any asperities in the loading surface to produce a uniform loud. B
2. To reduce the magnitude of the maximum comprcssive and shear stresses . at the

_ anvils. (Thus inhibiting the shear failure mode) .
3. To cause the stress across the loading axis to dcpan from uniform tension at the

anvils. (Thus promoting central failure i in the specimen)
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Until Awaji and Sato in 1979 the Brazilian
test discsrwere’ compressed between
plane anvils as shown in Figure 16a
(Hondros 1959, Fairhurst 1964, Vardar
and Finnie 1975). Awaji and Sato’s
refinement to the technique was to use

- circular anvils of a radius greater than that

a c .
) b) ) ' of the specimen (Figure 16c¢), to spread
Figure 16 ' | the loading area and minimise the
Brwzilan test anvil geometries. crushing at the contact points. Rabie and

Meguid (1986) used a similar geomertry but with the radii of the specimen and anvils -
identical (Figure 16b). This had the disadvantage that there is an anvil corner in contact |
. with the sample which could act as a stress concentrator as the specimen deforms. It was
therefore the geometry shown in Figui-e 16¢ that was used in the following experiments.
The Henzian contact formulae for this gcomczry as quoted in the paper by Awajl and Sato
are given below. ' '

The width of the region of contact between the anvil and the specimen, 2b. can be
calculated f-om :-

BT =4-—"—0pa s
)]~ (r-R) ¥ | I

_l-Vlz_ l-sz
a= E, + E, tfﬂ

where:

= anvil radius

= specimen radius

= Young’s modulus, for anvil (1) and spccxmcn (”)

= Poisson’s ratio, for anvil (l) and specimen (2)

p = uniformly distributed stress across loading axis in disc

and:

Q<mxa
]

Op =
' ITRt
where: P = load
t = thickness of disc
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This vaiuc of b can then be used with Gp to give Gy, the maximum tensile stress ar the

Ou = 1-(%)2 op | 17

b b o
1-1.15 (ﬁ)z + 06.22 (ET Op {8)

These theoretical siresses were compared with photoelastic measurements obtained in a

centre of the disc :-

or more accurately:

similar geometry o that used in the present study, by Hand (1987).

After this series of experiments was initiated, Darvell (1990) published a review of
indirect tensile techniques in which some doubt was raised over the validity of Brazilian
test data. One of his concerns was the large variation in the literature in the recommended
values for the ratio of the width of the loaded region to the diameter of the specimen,
needed to give an accurate fracture stress. This ratio must be sufficiently large to prevent
failure due 't‘o high contact stresses. He also suggests that the thickness of disc be less
than a sixth of the diameter (Wijk, 1978) to prevent higher edge stress at the generators
than at the centre of the disc, but observes that this is rarely adhered to : this study the
disc specimens were 3 mm thick and 15 mm in diameter ). .Hc goes on to state four criteria
that must be fulfilled for the theoretical treatment to be valid :-

L Material is homogencous

2. Hooke’s law is obeyed up 10 thc pomt of tailure.
3. Geometry is plane stress.

4. Material is isotropic..

The first two assumptions are approximately correct for zinc sulphide but the specimen
geometry is not truly a plane stress geometry and the material is c.ystalline and therefore

not isotropic.

" The paper also draws attention to the large range of failure modes observed in the test.

He suggests the possibilily that even a single diametral crack may originate from the

anvils rather than the centre of the disc and indeed cited several paper\ where this
appearcd to be the case.

Darvell’s conclusions dq not in any way invalidate the data of the present study, although

they are very critical of the Brazilian test as an isolated technique for determinalion of |
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material fracture stress. He states that while the true tensile strength is difficult to obtain
from this geometry, the test is entirely legitimate for comparative tests of similar
materials. Furthermore because of the biaxial nature of the test (one axis in tension, one
in compression) the measured fractur: stress is less than that obtained by a uniaxial test
‘or the axially symmetric burst test (Fairhurst, 1964, Shaw, 1984). The Brazilian test
results at room temperature are, therefore, compared with data on an identical batch of
material from the burst test (Matthewson and Field, 1980). For a similar series of tests
Hand (1987) found that the fracture stresses measured by the Brazilian test were
consistently 65 = 3% of the burst test results.

In the present s'tudy a specimén is tcs;ed at a range of temperatures to give comparative
data with a baseline value obtained from a second direct tensile test (the bursting disc
test described in Appendix 1). It must, however, be .cnsured't‘ﬁat the initial failure is
essentially tensile in nature, and is the same throughout the tests. It is felt that despite
the reservations expressed above, use of the Brazilian test for the interded application is

entirely justified.

3.3. EQUIPMENT
3.3.1 Introduction

The actual rig used to perform the test is shown in cut-away in Figure 17. The. lid is
removable to allow access to the chamber and, when in operation, is vacuum sealed to the
main body with a viton high temperature O-ring. The vacuum chamber has two windows
to allow a light path through the specimen enabling photoelastic measurements to be
made. These measurements are made on soda-lime glass to ensure that the stress field
in the disc is as theoretically predicted. The two other ports lead to the vacuum pump and
- the cylinder of dry nitrogen (used to provide an inert atmosphers). A strip of aspestos
paper was applied to the anvil surface with heat sink paste for each test. This acxéd as

padding for the spcdimcns which were in the form of discs i5 mm in diameter and 3 mm ‘

thick. The whole assembly was built on an Instron universal testing machine which was
used to apply and monitor the load.
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3.3.2 Environment

The experiment was to be performed in an inert environment since zinc sulphide is
susceptible to oxidation at high temperatures (Prabhu et al., 1984) and also to reduce the
effects of stress corrosion due to moisture in the air (although there will still be water
adsorbed on the Spcc.*imch surfaces). In order to achieve this, the chamber was connected
"to a vactum pump and a cylinder of high purity dry nitrogcn (white spot oxygen free dry
nitrogen < 2 parts water per million by volume). A preliminary investigation with a hair
hygrometer, showed that the relative humidity in the chamber could rapidly be reduced to
~5% at room temperature; by evacuating the chamber to a vacuum of ~0.1 Torr and
flushing it with the inert gas and then repeating this cycle again. The sample was
fractured in the nitrogen atmosphere at a pressure of approximately 1.2 atmospheres to
ensure that if there were any undetected leaks, gas would escape rather than enter.

3.3.3 Temperature control

The temperature of the sample was raised by surrounding the central column with a
cylindrical oven shown in Figure 18. The oven was controlled by a Eurotherm thermostat
connected 10 a k-type thermocouple which was mounted in the test chamber. This
arrangement sampled the gas temperature, and gave rapid feedback, while a second
thermocouple monitored the temperature of the lower anvil. |

For very high temperatures ( 2 500 °C ) a small modification had to be incorporated into
the apparatus to protect the vulnerable connections where the thermocouple and electrical
wires penetrated the chamber (see Figure 19). This pro(cctio_n'-was achieved by removing
one of the windows and replacing it with a water cooled tube. In this way the electrical
connections at the end-of this tube were isolated from the high temperatures.

Lower temperatures were obtained by replacing the oven with coils of copper pipe. shown
| schematically in Figure 20. The evaporation of liquid nitrogen tboiling point 77 K) in &
sealed container prdvidcd sufficient pressure to force the liquid tarough the coils. The flow
- was regulated by a cryogenic solenoid, which was in turn controlled by a Eurotherm low
' temperature thermostat. The thermocouple system was identical to that described above.

Figure 21 shows the final configuration used for tcmpcrature control. This simplification of
- the, low temperature geometry was used for the germanium tests since they were tested




in a laboratory atmosphere. The temperature was controlled by simply allowing the
chamber to fill with boiling liquid nitrogen vapour.

In all cases calibration was achicv§d by perfoming a dummy run with an instrumented
sample and allowing time for its temperature to equilibrate (the temperature control being
accurate to within § °C). After the high teraperature test the specimens were allowed to
cool down to below 200 °C in the inert atmosphere to prevent any oxidation.

3.4 RESULTS

3.4.1. The High Temperature Fracture Stress of Germanium

The graph shown in Figure 22 gives 'the' results of Brazilian tests 'pcrformcd on
Germanium samples from two different sources at three different temperatures. The
samples from source A were monocrystalline, while those from source B were
polycrystalline but with large grains' (typically 5 mm). |
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Figure 22
The fractuse stress of germanium
as a function of temperature.

The data show a wide spread which appears almost bimodal in naiurc. especially at high

temperature, due to the crystallinity of the material (since the geometry has only one

tension axis it is very sensitive to the orientation of the sample). The baseline results

from 25 mm diameter 2.5 mm thick discs in _thé hydraulic burst test were 111 £ 18 MPa for
material A and 92 £ 16 MPa for material B. These data do not show ihe bimodal.
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distribution in the results because, in contrast to the Brazilian test, the axisymmetric
burst test samples the flaws equally regardless of orientation. '

Despite the spread in the Brazilian test data it is clear that the fracture stress increases
at 153 °C and to a far lesser extent at -40 °C and that the swrength of the mareria! from
source A is higher than that from source B. The temperature dependent fracture stress
variation could be explained by the removal of water from the atmosphere at the upper and
lower temperatures which reduces the effects of stress corrosion. Since the loading rate is
quite slow (approximately 15 s) there is time for stress corrosion to affect the results.

It is interesting to directly compare the room temperature results for the Brazilian and
burst.tests. For material A, the Brazilian test results have an avcragc value 66% of iose
from_the burst test, while for material B the factor is 61%. This comparison docs not take
into account the enhanced effect of orientation in the former test, but the close agreement
with' Hand's (1987) estimate of the same factor (65%) suggests that despite the
reservations expressed in Section 3. 2.1 the Brazilian test is gcneranng reproducible
fracture stress data. '

3.4.2 - The High Temperature Fracture Stress of Zinc Sulphide

It was possible t» add more detail to the graph for zinc sulphide as more samples were
available. Because of the spread in fracture stress due to the natural flaw distribution in
the material, each ponm on the graph in Figure 23 i is actually the average of ten samples,
and the error bars show the standard deviation of the mean. The quantity of samples
available allowed small variations in fracturc stress to be mvesugated with some

precision.

The room temperature value of 52.7 MPa is approximately 77% of the baseline value
obtained by the bursting disc geometry (Matthewson and Field, 1980), 67 MPa. Taking
into account the large spread in data in the latter experiment (25%) this value is again in
good agreement with the estimate of Hand (1987)

For design purposes the most important feature of the graph is that within the
temperature range -35 °C to 600 °C the average fracture stress never falls bclow its
value at room temperature. In fact, as with.germanium, the strength of the material
'initially ipmases with temperature, the’gr&ph having its first peak at 100 °C and then a
second at 300 °C. It should be noted that the raw data shown in-Figure 24 indicate that
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even though the average fracture stress is increased there is a greater spread in data at
these peaks. For zinc sulphide, as with germanium, the assumption is that, as water is
removed from the surface of the specimen, there is less water available at the crack tip.
The effect of stress corrosion is therefore reduced and the flaws in the material will not
propagate until the critical stress intensity factor is reached. Several other factors that
could contribute to the variation in fracture stress were considered.

In order to minimise the time taken for the experiments, for those samples broken
between room temperature and 200 °C the temperature was only allowed to equilibrate
for half an hour, while for temperatures above this, the specimen was equilibrated for a full
kour. Since'this.changc in the éxpcrimcmal conditions occurred at a temperature at which

there was also a sudden change in fracture stress, it was décided to repeat the .

experiment at 200 °C with an equilibration time of one hour, to see if this change in
heating time affects the resulis. The closeness of the results for the two different

conditior.s indicated in Figure 23 shows not only that the discrepancy in the heating times
 was not the cause of the increase in fraciure stress, but also that the test was very

reproducible.

The increase in fracture stress at 300 °C might have been caused by a permanent
chemical change at the clevated temperature. This possibility was eliminated by
comparing the infrared transmission spectrum from a specimen that had been heated to
400 °C and then cooled, with the spectrum from an urheated specimen. Figure 25 shows
that the two traces differ only in absolute magnitude, which is due to the nature of the
measurement rather than to a change in the matcriél. , '
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- Figure 25

The infrared transmission spectrum of zinc sulphide.
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Ten specimens were heated up to 300 °C and then allowed to cool under vacuum over a
period of about 4 hours before being loaded. The result of these experiments was an
increase in average fracture stress to 70 MPa which is higher than the value at room
temperature (52 MPa) and that at 300 °C (61 MPa) (Figure 23). These results support
the stress corrosior. hypothesis, since the prolonged heating cycle and vacuum conditions
both reduce the amount of atmospheric and adserbed water further and thus raise the
fracture stress. '

It was therefore predicted that a sequence of cxperimems'perfonned at room temperature
with the specimen fully immersed in water would display a reduction in strength. The
point indicated in Figure 23 shows that this is indeed the case and emphasnscs the
cnvu'onmemal effect on the strength of zinc sulphide.

The samples provided for the low temperature experiments were from a different batch of
zinc sulphide, and appeared noticeably paler than those for the high temperature
experiments. The room temperature results were, therefore, repeated for the second batch
and compared with those for the first batch. The two values are identical to within 2%,
again verifying the rcproduéibility of the test. The low temperature results, taken at -35
°C, -50 °C and -70 °C showed a slight increase in strength, which would again be
explained by a reduction in the effect of the stress corrosion mechanism.

3.4.3 High Temperature Strength Data oip Zinc Suiphidé from
the Literature

Datd on the high temperature strlcngt'h of zii)c sulphide are very scarce. One set was |

presented by Schwartz at.the IR workshop in 1990 and shows a steady increase in
~ strenigth with temperature. Further evidence for this can be found in Deom et al. (1990) in
which a value of flexural strength for zinc sulphtdc is given as 104 MPa at 25 °C and 152
MP4 at 500 °C. : : '




specimens prior to the experiment. The size of the flaw could be measured, and from this
the fracture toughness (critical stress intensity factor) could be derived. The increase in
strength with temperature that was observed in these tests was attributed partly to an
anealing of residual stresses, and partly to water loss and crack tip blunting. Hand (1987)
also assessed the variation of compressive strength with temperature and obtained a
decrease with temperature similar to that observed in the Brazilian test data of the same
study. The drawing of conclusions from this last set of results is, however, hindered by

. the change in failure modc at higher temperatures due to the change in compliance of the

anvils.

A low temperature result was mentioned in Section 2.7 from the paper by Wahl and
Tustison (1990), which showed no variation in strength between 77K and room
temperature. This result was used as further evidence for their contention that zinc
sulphide is resistant to stress corrosion.

344 Analysis

The apparent discrepancy between the various sources of high temperature data can oe
explained by the difference in the experimental conditions. Experiinents carried out in a
nitrogen environment show a minimal rise in strength with temperature. Those carried out
in -air show a steady increase. The increase can therefore be attributed to crack tip
blunting by oxidation (Prabhu et al., 1984; Davidge, 1979) and by the reduction in the
amount of adsorbed water.

The mechanisms for the slight variations in the results of the present study afc more
difficult to dlsccrn Xue and Ra; prescntcd results that suggest’ th.u intergranular
cavitation and gram growth are minimal at tcmpcraturcs below 950 °C. Crack blunting
threugh dissolution ‘in, and reprccnpuanop from, atmospheric and adsorbed water has been
discussed at length for glass, (Ikeda et al., 1990; Han and Tomozawa, 1989: Hirao and

 Tomozawa, 1987). There seems, however, to be very little reaction between zinc sulphide |

and water at these low iemperatures (Brion, 1980: Sohn and Daesoo, 1987).

For the reasons givén above the variations in strength are most likely to be due to the
effects of stress corrosion varying with the amount of adsorbed water. This would explain
the increase up to 100 °C .and, because water can remain adsorbed up to quite high
temperatures (Holland, 1964), could possibly explain the increase at 300 °C. I is difficult
1o detect the. removal of such a thin layer of adsorbed water through calorimetry, (Hand,
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1987) but the increase in strength when allowing the sample to cool in a vacuum, and the
reduction in strength when the sample is immersed in water lend credence to this
hypotizsis. Section 2.2.1 indicated that stress corrosion and crack growth are thermally
activateG phenomena and an increase in temperature can,thcrcfbrc decrease the fracture
strengih. This ccmplication means that it is very difficult to accuratcly' predict the shape of
the graph through this mechanism. | »

Hand (1987) detected plastic deformation at 700 °C
which is Guite low considering the fact that the
melting point of zinc sulphide is 1830 °C. The
tcndchcy for the fracture stress to increase above
500 °C in the presént study could be explained by
the' onset of plasticity causing increased crack
‘rounding. It is evident, however, that there is a
slight change in *he failure mode at these high

temperatures since: microcracking (Hand. 1987) can

CORRECTLY INCORRECTLY ) ,
ALIGNED ALIGNED be observed within the bulk of the material near the

Figure 26 load.mg points. These ?vhnenfd areas in a Cross-
Areas of microcracking in section down the loading axis (the plane of the
" Brazilian test specimens. primary crack) are shown in Figure 26 for both a

correctly aligned and incorrectly aligned specimen.

It is difficult to attach any significance to the variation in the spread in the data at 100 °C.
300 °C, 600 °C and at low temperatures because the error in the error is always large and.
perticularly in the last two cases, the quality of the samples was poor: liquid impact
patterns from the batches tested at 500 °C, 600 °C and -70 °C show the familiar long
linear cracks indicative of poor surface finish superimposed on the characteristic short
circumferential liquid impact cracks. Earlier batches showed a far more typical pattern.
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3.5 CONCLUSIONS

These experiments have demonstrated that in the norm_zﬂ operating temperature range the
room temperature value of the fracture stress is a safe parameter to use for design
purposes. The fracture stress of germanium also remains above the room temperature
value at the experimental temperatures. '

- In an air environment it appears that the fracture stress of zinc sulphide actually increases

with temperature as does its rain erosion resistance (Hand, 1987; Deom et al., 1990). It

would not, however, be prudent of the missile designer to rely on this increase since its

mechanism is not well understood.
At high témperatures (2600 °C) there is evidence of microcracking and plasticity in zinc

sulphide. This may suggest that above these temperatures the material’s strength is
severely compromised. '
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4 STRENGTH TESTS ON LARGE ZINC SULPHIDE DISCS

4.1 FRACTURE STRESS RESULTS

Seven large ZnS discs (125 mm diameter by 5.45 mm) were supplied by British
Acrospace and were tested in the hydraulic busting disc apparatus (Matthewson and
Field, 1980). The discs were from different baiches and two (discs 6 and .7) were
noticeably darker and had obvious streaks within the bulk of the material (séc Figure 27)
which correlated with distortions in the bubble structure. In addition careful inspection of
the surfaces revealed areas where faint grinding and polishing marks were visible. The
fracture stress results are given in Table 1 which also includes the stress at the centre of
the disc (where it is a maximum) at the time of failure. The lowest stress was 55.9 MPa

which failed at a distance of 30 mm from the centre which means that the central region -

survived a stress of 79 MPa. The remaining specimens all fractured within 25 mm of the
centre and there were no edge failures. The highest fracwure stress was 98 MPa and this
was achieved by one of the dark specimens. The second dark specimen also had a high

stress 97.6 MPa (the highest fracture stress of a lighter coloured sample was only 88.8 .

MPa). However the smail number of samples mukes it difficult to estimace the
significance of the fracture stress difference.
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'TABLE'1

SPECIMEN | FRACTURE | STRESS AT | COMMENTS
STRESS  [DISC CENTRE
CODE (MPa) (MPa)
1 | PP88-20-2B 70.6 78.8
2 | PP88-09-4D 75.8 779
3 | PP88-09-5D . 7.4 109.6
4 | PP88-20-2J 559 79.0
5 | PP88-09-3E 88.8 102.8 .
6 | PP88-09-2C 97.6 987 .| dark, streaks
7 | PP88-09-2H 98.0 11722 dark. streaks

4.2 CONCLUSIONS

- The average fracture stress of the seven discs was 82 MPa with a standard deviation of
. 15.4 MPa. The two darker specimens appeared to exhibit higher strength despite the
inhomogeneity in their structure. A previous report (Hand and Field, 1989) on discs of a
similar size and various surface finishes produced results which are in good agreement
with the present study. In this carlier test, three of the samples failed at high loads giving
_ an average fracture stress of 85 * 5 MPa. But of the remaining three samples there was
onc edge failure and the other two were noticeably weaker (30 £ 6 MPa). This was
thought to be due to an inadequate surface finish. It appears that this is no longér a
problem if the surface preparation is carefully controlled.
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5  THE ROLE OF THE MULTIPLE IMPACT JET
APPARATUS

In order to develop improved infra-red window materials the material scientists needs to

evaluate:-

1. the threshold velocity for damage and
2. the rate of transmission loss once abcve this threshold

The Single Impact Jet Apparatus has up to now provided the standard way of evaluating
the threshold velocity. To do this 25mm discs of the material under test are impacted in
the centre 5 times and then the disc is broken in a Bursting disc test to evaluate the
residual strength. This is carried out at a number of different velocities and the results

_plotted on a graph of residual strength v velocity to discover the threshold velocity below
which no drop in residual strength is observed from that of the unimpacted material. The -

test involves breaking about 20 discs of the material and the result is accurate to about §-
10% depending on the quality of the surface finish.

In the above experiment the discs must be broken because once above the threst.old
velocity there may be enough energy to extend the microcracks present, but after just 5
shots they may not have been extended enough to be detectable by visual inspection. The
test thus relies on the fact that after 5 shots even if not big enough to see, the cracks
under the impacted area if they have grown, are larger than those naturally occurring

elsewhere on the specimen, and will thus reducc its strength. In a poorly polnshed'

material this will obviously not always be the case and a large scatter in the data occurs.

MIJA can eliminate thc necessity to break the discs by nmpacung the site enough times to

‘extend the cracks until they are visible: This means that a large number of test sites can

be tried on one spccxmen and thus fewer discs are required to evaluate the threshoid

‘velocity. This is pamcularly important with expensive malcnals such as d:amond

"In addition to this advantage MIJA offers a finer control of 'velocities (spread 1%) and
actually measures the speed of every jet before it impacts. It also has a more finely

controlled equivalent drop size because the nozzle is filled more reproducibly for each shot
than is possible for SIJA. Together|these improvements result in a test that can locate the
threshold velocity to 1-2%. ' ‘

41'




Erosion data on the rate of transmission loss above the threshold velocity has previously
required the use of whirling arm rigs. The problem with such test rigs is that the drops
entering the chamber become distorted by the turbulence generated by the whirling action
of the arm. The drops impacting the specimen are thus distorted so they have a range of
contact radii and result in damage of varying sizes many showing the presence of voids.
This range of effective drop diameiers is rig dependent thus making comparison of results
between rigs difficult. A solution to this problem used in some rigs is to reduce the
chamber pressure, however this has resulted in a range of pressures now being in use

‘each producing a different rise in specimen temperature on rotation.

In contrast to the above, M1JA can impact at a selected site, at a measured velocity with
a reproducible front profile to the jet. This allows identical experiments to be performed on
materials, even down to the order of impact sites in a random pattern, and thus true
compariscn of material erosion behaviour is possible. The major disadvantage is the
number of shots required for such an experiment. As MIJA only fires a shot every 2
seconds the experiment times maybe longer than with a whirling arm rig, however since
MUA can choose to impact, over a smaller area and can be left firing under computer
control the durauon of a test is not so critical, and the advantage\ of rcproducnbnhty are
worth the wait. -

SPECIFiICATIONS
- Number of shots a minute 30
Velocity range ' | 30-5Mmst
Drop diameters simulated ' 3- 8mm
Positional accuracy ’ , 25U -

Impact positions and velocities can be defined by the uscr, allowing shu.s to be fired on
one site, on a line, in an array, randomly over an area or in a user-defined pattern.

MUA is fully automated and includes:
computer control of the firing sequence,
database of spcc:men specifications
storage of position, velocily and time of each shot ﬁrcd in an expcnmem
analysis of the above stored data

Note: Testing on nozzle dcsign is still continuing and this will effect the cquivﬁlcm drop
size of the jets produced. Care must therefore be taken in comparisons of results with the

single impact gun and other MIJA results. It is hoped that a final nozzle design and new -

equivalent drop curves for it will be finalised within 6 months.
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51 THRESHOLD VELOCITY RESULTS FOR GeC ON ZnS

In this test MIJA was used to evaluate the threshold velocity for GeC coated ZnS by
~ impacting a site 30 times at a given velocity and then assessing the site for damage. If
one of the shots fired on the site has enough energy to open up a microcrack then .
subsequent shots should extend the damage until it becomes visible. The exact number of
shots required to make this test work properly is not yet known, althdugh the 30 shots
used in this cxpei'imcm gave a high degree of reproducibility. A probability of survival can
be calculated for the material based on the number of sites showing damage after impact
at a given velocity, this probability will drop to zero as the velocity increases beyond the
damage threshold.

The material tested in this example was Plessey PPZ-23. On each of three specimens 56 A
'sites were impacted and subsequently evaluated for damage, the iesulting data is from a
total of 122 sites for the well-bonded specimens and 166 sites for the poorly bonded. Each
site was impacted 30 times with a typical velocity spread of between 3 and 5%. The
maximum velocity fired on each site was recorded and damage was then looked for.
Between each of the 56 experiments on different impact sites the firing pressure was
~ increased which mearnt that as far as possible subsequent impact sites had a higher
maximum velocity. Impact sites were placed on the 'specimcn in a way that we could be
‘sure that damage vxsnblc on a pamcular site could be attributed to the jet impacts lh.n
occurred there. '

The results obtained are displayed iﬁ Figures 28 and 29 for the well bonded and poorly
bonded coatings respectively. The bar chart on each graph shows the number-of sites with
a maximum velocity of V m s-! and the scatter graph thc corresponding probab:lnv of
survival at that velocity.

The two batches of specimens both have the same starting value t0 the probability of
'survival decrease. The samples where the coaung is less well bonded appear however 1o
offer reduced protection at higher velocities ie the velocity range is 130 - 153 m s" for the
well bonded coating and 130 - 145 m s-! for the poorly bonded coating. This might be
because the poorly bonded coating protects for a smaller number of the 30 shots than the
well bonded, but further zxperiments will be necessary to ascertain this and to impuct the
substrate and make sure that the threshold velocity for the coated ZnS is actually higher
than the uncoated and that the GeC hasn't put the surface into tension on its application.
The improvement in threshold velocity afforded by the addition of the coating is marginal.

~

\\ .

. \\
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6  EXPERIMENTAL TECHNIQUES

6.1 THE BRITISH AEROSPACE THERMAL SHOCK RIG

There has long been a need for a standardised thenmal shock test that can order a wide
range of materials in terms of their resistance to a thermal shock environment. The
“severity of a particular shock event depends critically on many parameters (Kingery,
1955), such as specimen, size, shape, strength, modulus, surface finish and thermal
properties and the heat transfer rates inflicted by the environment. Many of these factors
are highly dependent on the varying temperature and the ordering of materials can be very
different under different thermal shock conditions. The most obvious example of this is the
strong dependence on whether the event is one of rapid cooling (downshock) or heating
(upshock). It ‘is therefore vital to design the standard test conditions to be as close 10
those experienced by a specimen in the rcal situation that it is designed to survive. '

‘The situation in this case is that of a front window of a missile exp=riencing' rapid
aerodynamic heating as ‘it accelerates towards its target and the BAe rig shows some
promise in that it provides a temporal heating: profile that is similar to that intlicted on the
window. The failure of a spccxmcn is, however, also highly dependant on the spatial
heating proﬁlc '

The thermal shock rig was designed ahd built by British Aerospace in Stevenage
(Graham et al., 1990) and is shown in Figure 30. The apparatus consists of four tungsten-
quartz lamps within a section of a polished, silver-coated sphere which integrates the
light energy from the bulbs and projects it through an aperture in the sphere onto the
surface of the 25 mm disc sample. The number of bulbs lit can be selected and in addition
- the power'level of one of the bulbs is continuously variable. The temporal power variation
has been shaped electronically to reduce the heating rate in the first 1.5 s. This is
achieved by switching the power on and off rapidly during this time and has the effect of
- producing a heating rate that more closely approximates xhay experienced by a missile.

The surface of the sample is blackened to improve its absorptivity. For low (empératurc
experiments this is simply achieved by coating the surface in candle soot. At
temperatures in excess of 500 °C, however, the carbon in the soot oxidises and a high
temperature paint must be used. Once painted the sample is baked to prc'vcht the paint
' outgassmg during testing and contaminating the sphere. The paint has the dxsadv.mmgcs
that it is difficult to remove after the test, it begins to deteriorate above 650 OC and does
not fully absorb the incident radiation but there i is, as yet, no satisfactory alternative.

4 |




ADVANTAGES

The Thermal Shock is Reproducible.

1

2. The Apparatus is Easily Portable.

3. The Geometry is Ostensibly Easy {0 Simulate Theoretically.

4. The Apparatus i Cheap.

5. The Technique is Flexible. The profile of the thermal shock can be shaped both
temporally (by ad)uetmg the power to the bulbs) and spanally (by masking areas
of the disc).

-DISADVANTAGES

1. The Heating Profile is Not Axisymmetric. This complicates the theoretical
analysis of the technique. This can be overcome by, for instance, spmmng the .
disc..

2. The Test is of Low Severity. The prototype is unable to cause the full range of
materials of interest to fail. The severity can be increased by masking areas of
the disk and by reducing the disk thickness. '

3. The Severity Depends on the Absorptivity of th_‘e T'est.,MaleriaI. The |

paint does not completely absorb the incident radiation and the amount of heating
experienced by the sample theréfore depends on its opacity to the incident

. radiation. This factor does not affect the thermal shock resistance of an.
accelerating missile window and the test will therefore give an ordering of
" materials whi ch is not represemanv.. of their ability to survive in the real

snuauon

Clearly the ptototype and the experimental procedure must be modified to allow the
technique to realise its potential as a umversal method for ordenng matcnals in terms of
their thermal upshock capabilities.
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6.2 MEASUREMENT OF THERMAL AND MECHANICAL
PROPERTIES FOR THIN LAYER PROTECTIVE
COATINGS FOR IR MATERIALS

The thin films under investigation are, diamond, germanium carbide and boron
phosphide .These arc prospective protective films for infra red transparent window materials.
Their purpose being to increase the useful life of the window by reducing damage caused by
rain and solid particle erosion. In service these materials may be subjected to temperatures as
high as 9000C, so a high temperature rig was set up which allows the properties to be
measured in an inert atmosphere, at any temperature from room temperature to 900°C.

The film properties of greatest interest are the Young's modulus. thermal expansion , thermal
cmducdﬁw and internal stress. The Young’s moduius is an important thin film property as it
provides a great deal of information abuut the nature of thin films, most importantly how they
differ from the corresvonding bulk matenial. Variation of modulus for a g'ivcn film type may
reflect differences in crystallinity, orientation and quality of the film. Techniques for the
measurement of Young's modulus include the vibrating reed, Brillouin scattering, bulge test

. and micromechanical indenter, of which the vxbraung reed and bulge test were selected tor

further study. The vibrating reed is a dynamic techmquc which allows the Young's modulus of
a film to be determined by measurement of the natural, or resonant frequency of vibration of a
specimen clamped at one end, when vnbmnon is induced electrostatically. For simple sample
geometries the natural frequency of vibration can be directly relaied to the modulus of the
sample. The modulus is calculated by exciting the sample into vibration. Vibration of the beam
is achieved by applymg an alternating electrostatic field across thc capacitor formed by the
beam and the reference electrode. When the frequency of the excited signal equals that of the
resonant frequency of the beam, the amplitude of vibration passes though a maximum. Since
the beams are electrostatically attracted towards the substrate with eithe voltage polarity, the
frequency of the excited mechanical motion is twice the applied electrical frequency. The
modulus of thin films are usually measured using film/substrate composite beams. s this
technique is not suitable for determining the modulus of substrate free films, unless the films .
are completely flat. The use of a composite beam allows the modulus of deposited films as thin

as a few hundred angstmnisv to be determined. The resonant frequency of the substrate material

(monolithic beam) is determined first. Then the experiment is repeated for the composite

' beam. It is from the shift in resonant frequency that the Young's madulus of the tilm is
. calculated. Room temperature Young's modulus values were calculated for silicon (161GPa).




The bulge technique on the other hand is a static experiment which evaluates the mechanical
prbpertics of the thin film under biaxial stress conditions. Prior to testing, the thin film is

. deposited on a suitable substrate. The substrate is then etched anay over a circular region , thus
producing a region where the film is unsupported. Applying pressure to the film causes it to
deflect as a membrane. The radius of curvature of the bulge is monitored using a Michelson's
interferometer, whenc'.thc specimen replaces one of the plain mirrors. The deflection of the
centre of the membrane is measured by counting the number of sharp circular fringes produced
as a function of pressure. Using this measurement the radius of curvature of the membranc can
be determined from which the bulge height is calculated. By accurate measurement of the bulge
height as a function of the applied pressure, the stress strain relationship of the film can be
obtained. Using this relationship and knowing it’s thickness, it is pussible to obtain the
Young’s modulus of the film to a reasonable accuracy (few percerit).

Accurate thermal expansion data is especially important when chosing and developing hard

materials for use as thin film coatings. Optical and transpon properties may be directly affected -

by thermal expansion of the film and indirectly through stresses both thermal and intrinsic,

induced due to the difference in expansion between the fiim and the substrate. Also the film

adherence to the substrate and the resistance of the coating to thermal stress fracture depends
strongly on obtaining a good thermal expansion match between the film and substrate. The
thermal expansion coefficient of the film is therefore an important paramctcr'whcn designing
windows. The technique for the measuremerit of the film thermal expansion uses a combination
of an optical lever method and electronic detection .to continuously observe thermal
deformation. The basis of this technique lies in the fact that at room temperature the sample
(film + substrate) will be curved due to their different thermal expansion coefficients. A change
in temperature causes a change in curvature .It is. from this change in curvature that the thermal
expansion coefficient of the film can be calculated.

The internal stress is another important film property as its presence within the film not only

affects the mechanical properties but also other material properties including the optical -

properties. Internal stress reduces the adhesion of the film to the substrate which severely
limits its usefulness. The techniques chosen 10 measure stress are the laser scanning technique.

the bulge test method and the profilometer method. Both the laser scanning and profilometer
techniques are bezm curvature methods of measuring stress. That is the stress within the film -

can be evaluated by measuring the curvature of the substrate on which the film is dcposilc"d.
The laser scanning technique for stress measurement is the same as that used to measure the
thermal expansion, therefore both prbpenies_ can be measured simultaneously. The same
principle applies to the profilometer techinique. The deflection of a substrate beam is measured

using a surface profilometer. The internal stress can be measured in either of two ways. Firstly |




. at the ffec end of the sample clamped at one end, or at the central deflection of the beam

clamped at both ends. The iength of the scanned segment should be about 10-15mm. This
technique was used to measure the room temperature stress present in both MPACVD diamond
films and in germanium carbide films. The diamord films were found to be in a state of tensile
stress, with values as high as 0.88 GPa for films ranging from lpm to 13um thick. The -
germanium carbide films on the other hand were compressive in nature, with stress values of
around 0.025 - 0.04 GPa for films ranging from 14 - 15 pum in thickness. The bulge test
technique for mcas'uring stress is the same as that for the measurement of Young's modulus.
For compressive films, once the substrate has been etched away over a circular region, the
unsupported region will bulge without ahy pressure applied. If the film is tensile in nature
some pressure will be mquifcd 10 bulge the film. The stress is then measured by analysing the
bulge height as a function of pressure. For both types of film the deflection of the bulged film
is related to the total film stress. ‘




REFERENCES

'AWAIJI H., SATO S., "Diametral Compressive Testing Method", Journal of Engineering
Materials and Technology, Vol. 101, April 1979

BRION D., "Etude Par Spectroscopie de Photoelectrons de la Degradation Superficielle
de FeSy, CuFt S2, ZnS et PbS a I'air at dans lcau" Applications of Surface Science, Vol.

5, 1980

CARNEIRO F.L.LE,, BARCELLOS A., "Concrete Tensile Strength”, Bull. R.1.LL.E.M.,
Vol. 13, 1953

CHARLES R. J., HILLIG W. B., page 511-527 in Symposium on Mechanical Strength of
Glass and Ways of Improving it. Florence, Italy, September 25-29, 1961. Union
Scientifique continentale du Verre, Charleroi, Belgium, 1962

DARVELL B.W., "Review: Uniaxial Compression Tests and the Validity »f Indirect
Tensile Strength”, Journal of Materials Science, Vol. 25, 1990

DAVIDGE R.W., "Mecharical Behaviour of Ceramics", Cambridge Umvcrsny Press.
1979 :

DEOM A.A,, BALGEAS D.L., LATURELLE F.G., GARDETTE G.D., FREYDEFONT
G.J., "Sensitivity of Rain Eroswn Resistance of IR matenals to environmental condmons
such as temperature and stress”, SPIE Vol. 1326, 1990

DRIGGERS G.W., TIDWELL E.D., "Development and Operating Experience on a Zinc-
Sulfide window for the Infrared Instrumentation System (IRIS)", SPIE Vol. 1112,
"Window and Dome Technologies and Materials”, 1989

EVANS A.G.,"A Method for Evaluating the Time-Dependent Failure Characteristics of
Brittle Materials - and its Application to Polycrystaline Alumina”, Journal of Materials
Science, Vol. 7, 1972

EVANS A.G., JOHNSON H., "A Fracture-Mechanics Study of ZnSe for Laser Window
Applications", Journal of the American Ceramic Society. Vol. 58 , No. 5-6, May-June 1975

FAIRHURST C., "On the Validity of the ' BRAZILIAN' Test for Brittle Materials”, Im. J.
Rock Mech. Mining Sci., Vol. 1, 1964

. FREIMAN S.W_; "Fracture Mechanics of Glass Glass: Scxcncc and Technolog Ed.
Uhlmann DR, l(rcxdl N.J., Academic Prcss. 1980 '

FREIMAN S.W., MECHOLSKY J.J.Jr,, RICER.W,, "Influence of Micrustructure on Crack
" Propagation in ZnSc Journal of the American Ccramlc Society, Vol. 58 , No 9-10. »
September - Octobcr 1975 _

FREIMAN 8. W WHITE G.S. . FULLER E.R.Jr., "Environmentally Enhanced Crack
Growth in Soda-Lime Glass", Journal of the American Ceramic Society, Vol. 68 , No. 3,
March 1985 o '

FULLER E.R. ir., "An evaluation of Double-Torsion Testing - Analysis“'. Fracture
mechanics ‘Applied to Brittle Materials, ASTM STP 678, 1979 o

S1




GRAHAM P.M,, PARFITT C., FREELAND C.M.,, "Development of a Thermal Shock
Test Equipment Suxtable for Laboratory Use", Bnnsh Acrospacc Report No. HX 7093-
0010-TR, 1990

GRENET L., "Mechanical Strength of Glass", Bull. Soc. Enc. Industr. Nat. Paris, (Ser.
5), No. 4, 1899 :

HAGAN J.T., SWAIN M.V., FIELD J.E., "Stress Corrosion Characteristics of Toughened
Glasses and Ceramics”, Journal of Materials Science, Vol. 13, 1978

. HAN W., TOMOZAWA M., "Mechanism of Mechanical Strength Increase of Soda-Lime
Glass by Aging", Journal of the American Ceramic Society, Vol. 72 , No.10, October 1989

HAND R.J, "Impact and Fracture Properties of Infra-red and Opncal Transmittin g
Maternials"”, PhD thesis, University of Cambridge, 1987

HAND RJ,, FIELD J.E., "Tests on Large Zinc Sulphide Discs and Damaged Zinc
Sulphide”, BAe report, 1989

HIRAO'K., TOMOZAWA M., "Dynamic Fatigue of Treated High-Silica Glass:
Explanation by Crack Tip Blunting”, Journal of the American Ceramic Socicty, Vol. 70,
No. 6, June 1987a ~ '

HIRAO K., TOMOZAWA M., "Kinetics of Crack Tip Blunting of Glasscs", Journal of the
American Ceramic Society, Vol. 70, No. 1, January 1987b

HOLLAND L., "The Properties of Glass Surfaces", London, 1964
HONDROS G., "The Evaluation of Poisson’s Ratio and the Modulus of Materials of a low

Tensile Re-'stance by the 'BRAZILIAN' (Indirect Tensile) Test with Particular Refereme_

to Concrete”, Aust. J. Appl. Sci., Vol. 10, 1959

IKEDA K., IGAKI H,, TANIGAWA Y., TAGASHIRA K., "Equibiaxial Stress Effect on

Fracture Strength of Indented Soda-Lime Glass in Water Environment: An Examination

for Dependence on Crack-Tip Blunting”, Journal of the American Ceramic Society. Vol. 73
, No. 7, July 1990 o

ITO S., TOMOZAWA M., "Crack Blunting of High-Silica Glasx Journal of the Amem.m
Ccrarmc Society, Vol. 65, No. 8, August 1982 :

KAMAN SCIENCES, "Fracture of ZnS and Si", anatc Communication, Kaman Sciences

Corp., Colorado Springs, USA

KINGERY W.D., "Factors Affccting'Thermél Stress Resistance of Ceramic Materials”,
Joumal of The American Ceramic Society, Vol. 38, No. 1, january 1955

LAWN B.R., FULLER E.R., "Equilibrium penny-like cracks in indentation fracture”,
Journal of Materials Science, Vol. 10, 1975

LAWN B.R, WILSHAW T, R "Fracture of Brittle Solids", dmbridgc University Press,
London, 1975 S

52

ey




LEWIS M.H., KARUNARATNE B.S.B., "Determination of High- Terhpcrature Ki-
Data for Si - Al - O - N Ceramics”, Fracture Mechanics Mcthods for Ccmmxcs. Rocks
and Concrete, ASTM STP 745, 1981 : :

MATTHEWSON M.J,, FIELD J.E., "An Improved Strength-Measurement ;I‘cchniqué for
Brittle Materials"”, J. Phys. E., Vol. 13, 1980

MICHALSKE T.A., BUNKER B.C,, "Steric Efiects in Stress Corrosion Fracture of
Glass", Joumal of the American Ceramic Society, Vol. 70, No. 10, October 1987a

MICHALSKE T. A., BUNKER B.C., "The Fractunng of Glass", Scientific American,
December 1987b

' MICHALSKE T.A., SINGH M., FRECHETTE V.D,, "Exﬁcrimemal observation of Crack
Velocity and Crack Front Shape Effects in Double-Torsion Fracture Mechanics Tests",
Fraciure Mechanics Methods for Ceramics, Rocks and Concrcte ASTM STP 745, 16981

OUTWATER J.0., GERRY D.J., "On the Fracture Energy of Glass" NRL Interim
Contract Report, Contract NONR 3219 (01) (x). AD 640848, University of Vermont,
Burlington, Vi., Aug. 1966.

PLETKA B.J, FULLER E.R. Jr., and KOEPKE B.G., "an evaluation of Double-Torsion
Testing - Experimental”, Fracture mechanics Applied to Brittle Materials, ASTM STP
678, 1979 ' '

PRABHU G.M., ULRICHSON D.L., PULSIFER A.H.,"Kinetics of the Oxidation of Zinc
Sulphide”, Ind. Eng. Chem. Fundam., Vol. 23, 1984 ' -

QUINN G.D., "Delayed Failure of a Commercial lVitrcous Bonded Alumina”, Journal of
~ Matenials Science, Vol. 22, 1987

RABIE AM., MEGUID S.A., "An Evaluation of a Probabilistic Engineering Approach to
the Failure Prcdlcuon of Brittle Materials”, Engmcenng Fracture Mechanics, Vol. 24, No.
2,i986 -

RUDNICK A, HUNTER AR, HOLDEN F.C “An analysis of the Diametral-
'Comprcsslon Tcst" Materials Rcscarch and Standards. Vol. 3 No. 4, Apnl 1961 .

SAVAGE J.A., "Infrared Opncal Matcnals and their Antxrcflccnon Coatings”, Adam

 Hilger Lid., 1985

VSCHWAR'I'Z R. W, "U.S. Navy Dome Matcnals Development Program Third .
Workshop on Passive Infrared Optical Matcnals and Coatmg\ Brusscls March, 1990

' SHAW M.C., "Metal Cumng Pnncnplcs" Clarendon, 1984

SHINKAI N., BRADT R.C., RINDONE G.E., "Fracture Toughness of Fused SiO and
" Float Glass at Elevated Temperatures”, Journal of the American Ceramic Society, Vol. 64
, No. 7, July 1981 - ‘ .

, SIMMONS CJ., FREIMAN S.W., "Effect of Corrosion Processes on Subcritical Crack

Growth in Glass", Journal of'the American Ceramic Society, Vol. 64, No. 11, November
1981 ' : '

53




SOHN H. Y., DAESOO K., "Inmnsxc Kinetics of .the Reaction Bctwccn Zinc Sulphide and
Water”, Metall Trans. B, Vol. 18, No. 2, 1987

TAIT R.B., FRY P.R., GARRETT G.G, "Review and Evaluation of the Double-Torsion
~ Technique for Fracture Toughness and Fatigue Testing of Brittle Materials”,
Experimental Mechanics, March 1987

TAIT R.B., GARRETT G.G., "A Fracture Mechanics Evaluation of Static' and Fatigue
Growth in Ccmcnt Mortar"”, Proc Conf. Fract. Mech. of Conc., Ed. WmmannF H.,
Lausanne, Elsevier, October 1985

TOWNSEND D., FIELD J.E., "Fracture Toughness and Hardness of ch Sulphide as a
Function of Grain Size", Joumal of Materials Science, Vol. 25, 1990

. VARDAR 0., FINN!E 1., "An Analysis of the Brazilian Disk Fracturé Test using the
Weibull Probabilistic Treatment of Brittle Strength”, Intemational Journal of Fracture. Vol.
11, No. 3, June 1975

WAHL J.M., TUSTISON R.W., "Mechanical Enhancement of LWIR Materials via
- Coatings", SPIE Vol. 1326, "Window and Dome Technologies and Materials 11, 1990

WIEDERHORN S.M., "Influence of Watcr Vapour on Crack Propagauon in Soda Lime
Glass J. Am. Ceram. Soc., Vol. 50, No. 8, 1967 :

WIEDERHORN S.M., BOLZ L.H.. "Stress Corrosion and Static Fatigue of Glass™, J.
Am. Ceram. Soc., Vol. 53, No. 10, 1970 , '

WIEDERHORN S.M., FULLER E.R.Jr., "Effect of Surface Forccs on Subcritical Crack
Growthi in Glass", Joumal of the Amcncan Ceramic Society, Vol. 72, No. 2. February
1989 ,

WK G., "Some New Theoretical Aspects of Indirect Measurements of the Tensile
Strength of Rocks" Int. J. Rock Mech. Min. Sci. and Geomech. Abstr., Vol. 15, 1978

WILLIAMS D.P., EVANS A.G., "A Simple Mcthod for Studying Slow Crack Growth”,
Joumal of Testing and Evaluation, Vol. 1, No. 4, July 1973

XUE L.A,RAJR,, Supcrplasuc Deformation of Zinc Sulphxdc Near its Tmnsformauon
Temperature. (1020°C)", Journal of the American Ceramic Socmy Vol. 72 No 10.
Octobcr 1989

54

" e




APPENDIX

55




Solid particle impact of CVD diamond films
Z. Feng, Y. 'I"zeng' and J.E. Field
PCS, Cavendish Laboratory, University of Cambridge, Cambridge, CB3 OHE, UK

e flmm Processing Laboratory,‘ 200 Broun Hall, Auburn University, Alabama 36849, USA

'Abstrict .

Studies of the dynamic ‘imp‘act and static indentation of chcmically vapour deposited
(CVD) diamond films are dcscribcd. Polishéd and unpolished CVD diamond films of ~ 6 to0 15
pm thickness, deposited.on both silicon nitride and silicon substrates, were investigated. In
the dynamic impact cxperimcnts-.b sand particles with impa;:t velocities of 34 m 5! and 59 m s-!
were used. ’I‘hréc stages of impact damage were identified; (i) formation of ring cracks. (ii)
partial debondjng and pcncuatioh of the film, and (iii) fqli debonding and film removal. The
first stage is similar to what occurs with natural diamond. However, the last stage. i.e., the |
material loss mechanism for CVb films, is mainly caused by delamination of the film.
Examination of fracture surfaces ,USing scanning electron microscopy (SEM) showed that
transgranular fracture of the diamond films was quite common despite the polycrystalline
nature of the films. This suggcsts that the bonding strength between dlamond gr.nns is as
strong as that within the grams Fmally, static indentation with a tungs(cn carbide ball of
similar size to the sand particles was performed to determine the fracture strcngth of polished
CVD diamond film and to make a comparison with' the it;lpact experiments. The fracture
tensile strength for CVD diamond films was found to be ~ 2.8 GPa, which is much lower than

the reported value of 8.6 to 12 GPa for natural diamonds.




1. Introduction

Since the first report of diamond deposition on non-diamond substrates from the gas

phase by Spitsyn and Derjaguin [1] in 1981 and the subsequent confirmation by Matsumoto et
al. [2] in 1982 using a modified thermal CVD method, diamond film has attracted a large
number of research groups [3] around ihc world to ekplorc its new synthesis methods, basic
mechanisms, and applications. The CVD technology developed in the past ten years has
enabled the coating of large area substrates (greatcr than 30 cm diameter) with thin-film
diamond and the production of thick (greater than 1 mm) free-standing diamorid plates at rates
exceeding Imm per hour. It'has thus made it possible for many diamond properties I;il to be
utilized in new and innovative applications [5]. One of the most prom'ising appiicaxions is the
use of CVD diamond films as coating materials either for protecting various kinds of
substrates, including opticél windows,’ against chemical ahd méchanical attack, or for
providing low-wear and low-friction surfaces. For these applicatibns, the mechanical
. pfopcrtics of the diamond coatings are.crucial. Whether the CVD diamond is as strong as
natural diamond remains an open question. More needs to be knbwn about the role of the
. defects in the diamond grafns and the bonding between grains. The present ’work describes
studies of the response of the ccatings to low velocity (less than 60 m s-1) impact |6] and to

static indentation, from which the mechanical strength of diamond coatings can be measured.

2. Experimental

2.1 - Diamond film specimens

Fouf CvD diamond films were used: (a) poiishcd film (with a surface rovghness of &

nm CLA and a film thickness of ~ 15 um), deposited on é'silicqn nitride substrate by

microwave plasma CVD; (b) unpolished film (with a surface roughness of 1 um CLA and a

film thickness of ~ 6 um), dcpositéd’/on silicon by hot filament CVD with (100) facets

dominating; (c) unpolished film. The prelp'arationbmc'thod.’ surface roughness, thickness and |
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substrate were the same as (b), but di'amond grains with (111} facets dominating; and (d)
unpolished free standing film deposited by hot filament CVD with a grain size of 2-4 umand &
film thickress of 25 um. Fxlms (a), (b) and (c) were used in the sohd impact experiments and
film (d) for fractographic study following bending. Film (a) was also used in static indentation
' experiments to determine fracture strength and to make a comparison witﬁ results obtained
from impact experiments. Figure 1 shows optical and SEM micrographs of the CVD diamond
films used in the present work. Detailed information about the preparations and

characterizations of the CVD diamond films can be found in references [7.8].
2.2 Solid particle impact experiments

A schematic diagram of the solid particie impact apparaius is shown in Fig;xrc 2a. h
uses a fast gas stream to accelerate the particles along a steel tube. The particles are fed into the
steel tube from a sand reservoir using compressed air and the' flux is controlled by means of a
tumn-table in the reservoir. The irﬁpact velocity of the panticles was measured using a cross-
 correlation method to an accuracy of 4%. The specimen was mounted on : older which was
placed near the exit of the steel tube and a thin rubber sheet with a hole of ~ 4 mm diameter was
used to define the impact area. The solid particles used were natural sieved sand grits with
dimensions of 300 to 600 um and of a block-type shape (Figure 2b). The mean particle mass
was 190 ug. |

The experiments ?nyglved first exposing a specimeﬁ to the impact of sand particles for a
g eenain time, then ‘examiﬁing the damage by using optical microscopy and SEM. Normul
impaéi (iri\lpact direction 90° to the"speciinen surface) was chosen becau\'e't_his Caunes
maximum damage with brittle materials. The flux rate was 4.6 kg m-2 sl Two impact
velocmes, ie,34ms’! and 59 m s, were chosen for the expenmcnm All expcrmu Laere -

performed at ambient conditions with a temperature of ~23°Cand a nelauve humidity ot 50%




2.3 Suatic inderntation experiments

Static indentation was performed to (ictcrminc the fracture strength of the polished CVD
diamond film and to make a comparison with the results obtained from the impact experiments.
‘ Théy were perfonncd using an Instron 1122 machine, operated at a loading speed of 0.05 mm
min-1. A tungsten carbide'ball with a Young’s modulus of ~650 GPa, a hardness of ~18 GPa
and of 0.39 mm diameter was used as the indpntcr. An optical microscope, viewing the
indcmedvsurface. from an angle of ~ 30°, was used to monitor the presence of a ring crack after
. the indenter was lifted. A Nomarski interference optical microscope was also used to
photograph the ring crack and loadgd area. The fracture strength was obtained. from Hertz

theory (Appendix I) by using the measured critical load and ring crack size.

3.  Results and Discussion
3.1 Sand particle impact of polished CVD diamond films

In these experiments impact velocity and exposure time were varied and the conditions

for film cracking and delamination obtained. The first expsriment was pcrfdrmed at an impiucl

velocity of 59 m s-l. with a flux rate of 4.5 kg m-2 s-! and an exposure time of l()s and ring

cracks were found on the surfaces after impact. The experiment was thcn carried.out at a lower

sand vclocxty. i.c., 34 m s, with the same flux rate and for the same time of exposure, and
_ again ring cracks were formed on the surfaces out with a lower crack dcn.my (.scc Figure 3
and 3b) There was no si gmﬁcam dxffer nce in thc sizes of ring cracks observed at these two

velocmcs No diamond film rcmoval occured at this stage for both i 1mpact velocities.

Experimcnt$ were then _performed'at an impact vclbcity of 59 m s for an increased
‘ time of impact. h' was found that film removal from the substrate started after an exposure time
of ~70s. Figure 4a shows an SEM micrograph of the area where the film has delaminated.

Figufc 4b is an optical micrographs from the edgcs of the fimp,actcd area. The edge shape




shown in Figure 4b appears to follow the boundaries defined by ring cracks. However, this

feature was not found everywhere.

The ﬁlm"surfacc adjacent to a delaminated area can be used to study what happens just
bcfdrc film removal starts because of the lower impact flux in this&ea due to the shadowing
effect the rubber mésk. Examination by optical miéroscopy showed that the film surface
became increasingly wavy (which is pam'culariy clear when the surface is looked at from a
glancing angle) compared with ciher areas. vThis is presumably due to par;ial debonding of the
film from the substrate. The fractured edge tends to curve out of the substrate surface because
of ftsidual stresses in the film. An examination of the same surface area with SEM (Figﬁre 4c)

also shows that penetration of the film has also taken place at this stage of impact damage.

The damage process for a CVD diamond film by #and particle impact follows the
sequence: (i) formation of ring cracks, (ii) debonding and/or penetration of the film. and (iii)
removal or delamination of tﬁc film from the substrate. The formation of ring cracks at the’
initial stage is a typical fracture phcnomchoh for brittle materials. This was also observed in
the imbaét of natural diamond by sand particles using the same apparatus {9]. However, the
material removal mc'chanisms are very different; in the case of CVD diamond. the premature

removal of the film is caused by the delamination; while in the case of natural diamonds it

" occurs only when ring or cone cracks intersect to separate small volumes of diamond from the

bulk.
3.2 The fracture mechanisms

The ffactur,@ mechanism of CVD diamond was then studied by examining fracture ’

Suifaoe; caused by sand impact using SEM. Figure Sa shows a fracture surface on a polished

CVD diﬁnond film where a half ring crack occurs near the film edge. The fructure surfice is

so smooth that it is difficult to see any individual diamond grains. Because CVD diamond
films are usually polycrystalline it is desirable to know whether grain boundaries are weak

points or not. In order to clarify this question, experiments were carried out using unpolished




CVD diamord films, in which grains and grain boundaries could easily be identified. In these

experiments, the impact velocity was 34 m s-!,

Figure Sb shows a ﬁac!umd edge on a (100) facet dominated diamond film. The
. arrowed region clearly indicates a transgranular fracture across a crystal. Figure Sc shows a
similar micrograph for a (111) facet dominatcd film, where a single crystal was clearly cut
through by a crack. These results show that transgrénular fracture is commdn with CVD
diamond films impacted by sand particles. However, it is not clear whether the lran.«'x‘grunuAlar

fracture initiated inside a grain or from a grain boundary

Since the fracture surfaces described above were produced by dynamic loading. It is of

interest to determine whether transgranular fracture can also take place under static loading

conditions. Fracture surfaces produced by bending a piece of frecistanding film were

examined. Figure 6 shows SEM micrographs obtained at the same area with different view

angles. They again show transgranular fracture.

Transgi'anular‘ fracture of CVD diamond films has alsd been reported by Hoff et al.
{10], Mecholsky et al. [11]. This phenomenon appears 10 be quitc common w{th CvD
diamond films and suggests that either strong bonding between diamond grains exists in them
of the diamond grains arc much weaker than vsin_'gllc crystal natwral diamond because of their

high defect density. Fallon and Brown [12] found that the grain boundanies of 'CVD diamond

films are composed mainly of diamond rather than other f'orfn_s of carbon. ' This result also

suggests that the bonding between diamond grains can be as strong as that wﬁhin the grains.
3.3 Fracwre strength of CVD diamond film -

The fracture strength of the film can be estimated by measuring the contact area and

calculating the impact force during erosion using Hertz theory, assuming that the contact

between the sand particles (treated as sphere) and the CVD diamond film (treated as’a half
space) is elastic and quasi-static (for details see Appendix I1). The effects of film thickness and

.adhesion between film and substrate are temporarily ignored in this calculation and will be




discussed later. The results are given in Table 1, together with results from erosion
experiments on natural diamond. In the caiculation (see also Figure 8) the following elastic
coastants for the sand particles and natural diamond were used: E=65.7 GPa, v,=0.25,
R=150-300 pm (two valuc§ are given for each radius); p=2650 kg m-3, E=1140 GPa, v
=0.07.

Table 1 shows that the measured sizes of ring crack are géncrally in good agreement
with the values estimated, cons:dering that the sizes of sand particles range from 300 to 600
um and that the sand particles are not spheres as-assumed (Figure 2b). The observed ring
cracks are similar to those found in the erosion 6f natural diamond [9]. However, the critical
load, or impact velocity, for produéing ring cracks in these two kinds of diamonds for the same -
ti'mc of impact (10s) by sand particles are \;ery different. AFor the same particle size, for
example, R=150 pm, the critical load of CVD diamond film is smaller than 14 N, while for
natural diamond it is ~ 62 N. It appears that thc- CVD diamond film is weaker than bulk natural
diamond. This can also be seen in the critical contact pressures of < 5 GPa and ~ 8 GPu' for
CVD diamond film and bulk natural diamond, respectively. These strength data can only be
regarded as; rough estimates becapsc of the uncentainties in the determination of the critical load.
the panticle size and shape, and the effects of the substrate. In ordcr‘ 10 measure the fracture
strength of the CVD diamond film more accurately, static indchtatioh éxpcrimcms were

conducted.
3.4 Fraciure strength measured by static indentation

In this technique the load .and the indenter geometry can be controlled. Moreover,

critical load and ring crack size can be measured. Therefore, meaningful comparisons between

experimental results and calculated values can be made. ‘The results are given in Table 2.

- Figure 7 shows a typical ring crack produced by indentaiion. In ‘Taibk': 2 the measured ri.ng

-~ crack diameter is !argér_ than the calculated values. Assuming a half space of diamond film. the

measured value is -730% larger than (he calculated diameter, while.in the case of assuming o

half space of silicon nitride it is ~ 6% larger. This is a reasonable agreement, considering that
L ‘\\ ! .




(i) the actual Young’s modulus of CVD diamond films are usually lower than thar of natural
single crystal diamond [13-15], fesulting in a larger contact area, and (ii) it is well-known that
the measured diameters of the ring cracks are usually between 10 to 30 % larger than the

calculated elastic contact diameter [16-19].

In a theoretical analysis of the elastic contact size in va.coating system, El-Sherbiney and
Halling (20} found that for a coating system consisted of a hard coating with a Young’s
modulus ::»out three times the substrate and a coating thickness of t/a, ~0.5 (where t is the

coating thi. kness and a, is the contact radius calculated by Hertz theory), the actual contact size

. on the coating surface is almost the same as that given by the Herntz equation assuming a half .

v 'spacc of the coating material. This is the case for the present work. A similar result was also
found in thc'theomtical analysi : of the stress field for hard coating systcms, by van der Zwaag
angd Field [21]. This analysis cxplain$ why the measuréd values were m good agreement with
the calcuiated values in spite of the assﬁmption that the inicrfécial strength between diamond
film and the substrate is perfect. Wu et al.[22] found that thc"iﬁterfacial strcngxh of thin (~0.1
pum) diamond-like carbon films or a silicon 'suﬁstmte has a gréat effect on the strength of the
film mcasured in an indentation fatigue expcn"mcm: The small i.n,ﬂ-ucncc of interfacial strengih
on the size of ring cracks, and the strength measurernents for the CVD diamond film in the
pnescm study is probably due to having a rclanvely thu,kcr film (Va > 0. i) However. the
interfacial strength still plays an important role in the matcnal removal process as shown in the

" present work.

" Table 2 gives a cnucal contact pressure (load dmdcd by crack area) of 3.2 GPa mr the
fomanon of a ring crack by static indentation. Compnrcd with the contact pressureés given in
Table 1 it appears that the diamond 1., was overloaded i in the lmpJCl cxpcnmcm.s. The ¢rtical
contact pressure under stztic indentation correspends to a radial tensile stress of ~2.8 GPa for
 the diamond film. This is comp.‘.;able to the fracture strength (~1 to 5§ GPa) méusinrcd by
Windishmann | 14} for CVD diamond films using a Bulge test technique. Using an indcmmiun
: lechmque. Howes 23] mcasured the ftac!ure strcngth of natural dumonds with (). S mm

- tungsten carbide balls, and reponed values fmm 10. i to 13. 5 GP.: for |he contict prcmm:
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giving radial tensile stresses in the range of 8.6 to 12 GPa depending on the particular
crystallographic face that was indented. These values are much higher than that of CVD
diamond films. This is presumably due to the high density of defects and the presénce of

residual stresses in the CVD diamond films.

4. Conclusions

CVD diamond films were studied by means of sand paniclbc impact as well as static

indentation experiments. The following conclusions can be drawn from this study:

(a) The .impact damage of CVD diamond films proceeds with (i) formation of ring
cracks, (ii) debonding and penetration of the film, and (iii) removal of the film due to

delamination from substrate.

(b) For the CVD diamond films used (with a thickness of ~15 pm and a thickness 0.

contact radius ration of ~ (0.5), Hertz theory allows the fracture strength to be estimated

reasonably accurate.

(c) The tensile strength of CVD dxamond ﬁlm is~28 GPJ ll is lowcr than that of a
namral diamond, which is ~ 8.6 and 12 GPa obtained under similar condmon\

(d) Transgranular fracture of the ﬁlm is vcry common, \uggesnni. (h.ll bonding

between d;amond grains is as strong as that of the diamond grains lhcm.\clw.,\.
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Appendix I
Hertz theory of elastic contact {24]

Fora sphere of radius R in contact wnh a half space under a load, F, the radius of the

cu'clc of contact, a, and the maximum tensile stress at the contact circle, Oy, are given by:

1-2v 1
O’m—;c— "i(l -2V) Py, ‘. 2)

where k= -l%{ (1 -Uz*(l-v(z,)E%], and E, v and E,, v, are the Young’s moduli and Poisson ratios

of the half-space and the indenter respectively. Py is the mean pressure between the indenter

" and the flat specimen.

Appendix 11 1
Theory of single particle impact [25]

For a sphere of |radius R impacting with a half space at a velogity of V (Figure ¥).

Hentzian contact theory|can be applied, provided that the contact circle expuands at a rate lesy

than the velocity of elastic waves and quasi-static analysis conditions are satisfied. -
The maximum lgad Fm is given by,

Fin = 51;;)’3/5 (Go ) -5 R2V6/S 3)

,,z




The mean pressure is

1,5np_. . 4k .
P, = ~(25E)15 (3m)-4/5 VS (4)
m=r 3 )= (3p) o

The maximum contact radius is,

ntPn

where p is the density of the impacting sphere and other parameters are as previously defined.
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Figure captions
Figure 1

CVD diamond specimens. (a) polished film on a silicon nitride substrate with a thickness of
~15 pm, (b) unpolished film on a silicon substrate with a thickness of ~ 6 um and showing’
(100) crystal facets, (c) unpolished film on silicon substrate with a thickness of ~ 6 u'm and

showing (111) crystal facets , (d) unpolished free standing film with a thickness of ~ 25 um
Figure 2 |

Erosion apparatus (a) and sand particles (b).

Figure 3

Optical micrographs of eroded CVD diamond film surfaces obtained at an impact velocity of ~

34 m s-! for 10s. (a) near the edge and (b) at the central area.
.Figure 4

Optical and SEM micrographs of CVD diamond film surfaces obtained after impact at a velocity
of ~59 m s-! for 70s. (a) exposure aréa where film has been dciéminatcd. (b) an area near the

broken edge, (c)an SEM micrograph in the same area as (b).
Figure 5

SEM mfcrographs of fractured sgrféccs produced by sand particle impact. (a) on the polished

" film, '(b). on the unpélishcd (100) facet dominated film, (c) on theiunpolishcd (111 facet
dominated film. . | ’

Figure 6

SEM micrographs of fractured surfaces produced by bending a free standing film to fracture.
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Figure 7
A typical dpﬁcal micrograph of the ring crack produced by indenting a tungsten carbide ball on

the polished microwave plasma CVD diamond film deposited on silicon nitride.
Figure 8

A schematic diagram of Hertz contact for calculating the contact size and load in the static

indentation and impact experiments. E,, v, and E, v are the Young’s moduli and Poisson ratios

of the sphere and the half space, a is the radius of contact and r the radius of ring/cone crack.
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Table 1. Results of erosion experiments

: ‘ Measured | Calculated Calculated
Impact S Calculated
diameter of | diameter of contact
Material velocity impact load
- | ringcrack/ | contact area/ pressure -
/ms’] : /N
Uma pme / GPa
CVD dia. film | 34 (10s) 38-96 54- 108 14-57 5.0
_Nat. dia. bulk | 34 (1000s) 42b 54-108 | - 14-57 5.0
Nat. dia. bulk | 140 (10s) 150> - | 95-189 | 62-247 8.8
a. Measured from optical micrographs. '
b. Averaged value. ‘
¢. Calculated from Hertz theory using particle diameters of 150 to 300 um. |
' i
|
Table 2. Results of static indentation expcrimemS
' Tungsten | Cnitical load | Measured | Calculaied Cnincal Tensile
' carbide ball |forringcrack| diameterof | diameterof contact strength-
1 : ring crack contact pressure .
/ mm /N /pm /pm / GPa /- GPx :
0,30 7.5 56 43a/53b 3.2 2.8
. 0.5¢ / / / 10 -13.5¢ . 8-12 .

a Assuming diamond film as half space. b. Assuming silicon nitride as half space, using
5033'10 GPa (hot pressed), v5=0.26. c. Obtained from reference |4] for natural diamond.
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